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Two distinct cell types compose the alveolar epithelium. Large, squamous alveolar epithelial type I (ATI) cells cover ϳ95% of the surface area and serve as the primary mediators of gas exchange across the epithelial barrier. Alveolar type II (ATII) epithelial cells are the primary producers of pulmonary surfactant and also have important roles in ion and fluid transport (21, 22, 37) , innate immunity (20) , and as progenitors capable of repopulating ATI cells following physical damage or stress (13) . Maintenance of surfactant homeostasis, which is essential for normal lung function, requires considerable metabolic energy investment by ATII cells for lipid and protein synthesis, packaging, and secretion (31) . Thus, ATII cells are highly metabolically active under normal physiological conditions.
Metabolic changes are a fundamental component of the cellular response to hypoxia. In general, the hypoxic phenotype is characterized by a shift away from primary reliance on oxidative phosphorylation to enhanced glycolysis for maintenance of energy homeostasis; however, the typical response varies significantly by cell type and depends largely on cellspecific function and energy demand. AMP-activated kinase, mammalian target of rapamycin, and many other signaling pathways are involved in mediating cellular metabolic homeostasis and response to stressors, including O 2 limitation (17) . At the level of O 2 sensing and initiation of response pathways, hypoxic responses are primarily mediated by the family of O 2 -sensitive hypoxia-inducible factor (HIF) transcription factor proteins. Multiple HIF isoforms regulate a wide variety of genes involved in directing cell energy metabolism under conditions of limited O 2 availability and, in the lung, have been shown additionally to play critical roles in alveolar development (16) and production of pulmonary surfactant (1) .
Previous work has illustrated numerous ATII-specific responses to short-term hypoxic exposure (e.g., Ͻ8 h). These cellular processes include proangiogenesis signaling, generation of reactive O 2 species and activation of AMP-activated kinase (33) , upregulation of glucose transporters and their localization to the cell membrane (25) , and internalization and inactivation of Na ϩ -K ϩ -ATPase channels (10, 14, 23) . These processes result in decreased ATP demand (and, consequentially, a return to steady-state cellular ATP levels) and enhanced glucose import. However, the molecular impacts of longer-term hypoxia on ATII cells have received far less attention. Neither steady-state ATP levels (25) nor cell survival (36) are impaired in primary alveolar epithelial cells exposed to prolonged hypoxia, but the enduring metabolic adaptations facilitating this robust resistance to hypoxic stress are poorly characterized.
Given their exceptional resistance to fluctuation from the well-oxygenated environment in which they reside under normal physiological conditions, we hypothesize that ATII cells undergo unique cell type-specific metabolic adaptations to hypoxia. Here we present findings characterizing the impact of long-term hypoxic exposure on ATII cellular metabolism and report cell-specific transcriptional and proteomic responses that contribute to ATII cell adaptation to O 2 limitation. Our results demonstrate that hypoxia induces molecular remodeling of both the glycolytic and oxidative pathways in ATII cells but that maintained oxidative phosphorylation is sufficient to fulfill energy requirements and maintain bioenergetics homeostasis without enhanced anaerobic glycolysis.
MATERIALS AND METHODS
Reagents. All cell culture media and supplements were obtained from Life Technologies (Grand Island, NY) except for dimethyloxalylglycine (DMOG), mitochondrial inhibitors, and general chemicals from Sigma-Aldrich (St. Louis, MO); metabolic flux assay medium and consumables from Seahorse Bioscience (North Billerica, MA); and fetal bovine serum (FBS) from Atlanta Biologicals (Lawrenceville, GA). CyDyes, IPG strips, and differential gel electrophoresis (DIGE) consumables were obtained from GE Healthcare Life Sciences (Pittsburgh, PA).
Cell culture. The model ATII cell line, mouse lung epithelial 15 (MLE-15, a gift from Drs. Stephan Glasser and Jeffrey Whitsett, Cincinnati Children's Hospital Medical Center, Cincinnati, OH), was employed for all experiments. Like ATII cells, MLE-15 cells express and secrete surfactant proteins SP-B and SP-C (7). MLE-15 cultures were maintained in a humidified incubator under ambient air (normoxia, 21% O 2) and 5% CO2 at 37°C. Stock and experimental cultures were grown in HITES medium (7) . Cells were plated at densities designated for each assay and allowed to attach to culture plates/flasks in the normoxic incubator before initiation of experimental conditions. Hypoxic exposures were performed by incubation in a hypoxic chamber (Biospherix, Redfield, NY) with 1.5% O 2, 5% CO2 at 37°C. Prolyl-4-hydroxylase inhibitor (PHI) exposures were performed by adding 250 M DMOG, a 2-oxoglutarate analog (7, 35) .
Isolation and culture of ATII primary cells. ATII cells were isolated from mouse lungs as described previously (30) , with minor modifications. All procedures were conducted under approved Institutional Animal Care and Use Committee protocols. Briefly, female C57B/6 mice (ϳ6 wk old) were anesthetized by intraperitoneal injection of freshly prepared tribromoethanol solution (125 mg/kg; 15 l of 2.5% Avertin/g body wt) and exsanguinated, and lungs were perfused via saline injection (10 ml) in the right atrium. The trachea was cannulated, and lungs were filled with 3 ml dispase (Thermo Fisher Scientific, Waltham, MA), followed immediately with 0.5 ml lowmelt agarose (45°C), which was solidified by addition of ice to the chest cavity. Lungs were removed and incubated in dispase and DNase I (Sigma). Cell suspensions were treated with red blood cell lysing buffer (Sigma), filtered (100 to 40 to 20 m nylon gauze), collected by centrifugation, and incubated on plates precoated with donkey serum (BD Biosciences, San Jose, CA). After incubation, ATII cells were panned from the plates, collected, and cultured on Matrigel (BD Biosciences)-coated plates in small airway epithelial cell (SAEC) medium (Lonza, Walkersville, MD) plus 5% fetal bovine serum (Atlanta Biologicals, Flowery Branch, GA). Yields of ATII were ϳ4 -6 ϫ 10 6 cells/mouse with a purity of cell preparations typically Ͼ90% ATII, as assessed by modified Papanicolaou stain (2) .
Metabolic flux analysis. Cellular O 2 consumption and acid generation were assessed using a Seahorse Bioscience XF24 instrument. Cells were plated in 24-well XF assay plates in either HITES (MLE-15) or SAEC/5% FBS (primary ATII cells) media at a density of 5 ϫ 10 4 cells/well in described growth conditions. Growth medium was removed before assay and replaced with unbuffered Seahorse Bioscience assay media at pH 7.4, supplemented with 11.1 mM glucose or 5.5 mM glucose, 2 mM Glutamax, 10 g/ml insulin, 10 g/ml transferrin, and 40 nM sodium selenite, and either 1% FBS (MLE-15) or 5% FBS (primary ATII cells). For basal O 2 consumption rate (OCR) and proton production rate (PPR) determination, O 2 concentrations and pH were simultaneously measured during four 2-min periods over a total span of 20 min. After this period, the mitochondrial electron transport/ATP-synthesis uncoupling reagent carbonyl cyanide-p-trifluoromethoxy-phenylhydrazone (FCCP) was injected to a final concentration of 0.5 M to determine maximum OCR and spare respiratory capacity (as indicated by the increase over basal respiration in response to mitochondrial uncoupling) (3, 35) . A separate set of cultures was assayed to determine OCR coupling to ATP generation by injecting the ATP synthase-inhibiting reagent oligomycin A to a final concentration of 1.5 M, and OCR dedicated to ATP production was calculated as the percentage difference between OCR before and following injection (3) . Raw OCR data were transformed via the "Level (Direct) AKOS" algorithm (6) using the Seahorse XF24 1.5.0.69 software package. The "Variable Technique" within the software was used to calculate PPR from measured rates of extracellular pH change with compensation for media buffering capacity. Analysis of significance between normoxic control and treatment groups was performed using Student's t-test or paired Student's t-test.
Measurements of intracellular ATP, lactate, and glycogen content. ATP content of cultured cells was measured using the CellTitre Glo Luminescent cell viability assay (Promega, Madison, WI) as per the manufacturer's instructions. Cells (grown in parallel to metabolic flux assay cultures) were plated on 96-well plates at a density of 5 ϫ 10 3 cells/well and cultured for 20 h in normoxia, hypoxia, or media containing 250 M DMOG.
Extracellular lactate production was measured using a probe-based assay (Lactate Colorimetric/Fluorimetric Assay Kit; BioVision, Milpitas, CA) according to the manufacturer's instructions. Cells were plated on six-well plates at densities of 5 ϫ 10 5 cells/well and maintained in normoxic or hypoxic conditions for 20 h. Cells were then rinsed two times with PBS, media were replaced with modified HITES medium containing 0.5% fetal bovine serum, and culture plates were returned to normoxic or hypoxic conditions. Culture media was sampled at time points 0, 15, 30, 60 , and 120 min after media was replaced. Media samples were analyzed via colorimetric assay and cell lysates via fluorimetric assay. Total protein of cell lysates was determined via BCA assay for normalization. Intracellular glycogen content was determined using a fluorimetric probe-based assay (Glycogen Assay Kit; BioVision) as per the manufacturer's instructions. MLE-15 cells were plated on six-well plates at densities of 2.5 ϫ 10 5 cells/well. Normoxic control cultures were maintained at 21% O2 for 3 days. Hypoxia and DMOG-treated cultures were allowed to incubate in normoxia for 20 h, after which media was replaced and the cultures moved into treatment conditions (hypoxic chamber or media containing a final concentration of 250 M DMOG, respectively) for 48 h, after which the media was replaced and the cultures moved into normoxic conditions for 20 h. Glycogen values were corrected for sample glucose content and normalized to total cellular protein concentration. Analysis of significance between normoxic control and treatment groups was performed using Student's t-test, with P values Ͻ0.05 being considered significant. qPCR and arrays. For RNA harvest, aliquots of MLE-15 were seeded on six-well culture plates at 1.5 ϫ 10 5 cells/well. After 20 h of exposure to experimental conditions, lysates from sample wells were pooled for each condition for RNA extraction using the RNeasy Mini Kit (QIAGEN, Valencia, CA), followed by DNase I digestion. cDNA synthesis was performed using 2 g total RNA, a mixture of random 9-mer and oligo(dT) priming, and Moloney murine leukemia virus reverse transcriptase (reagents from New England Biolabs, Ipswich, MA). Glucose metabolism qPCR arrays for mouse (PAMM-006Z; SABiosciences, Valencia, CA) were performed according to the manufacturer's instructions in triplicate using a Mastercycler RealPlex2 (Eppendorf, Hamburg, Germany). Cycle threshold (Ct) values for all genes of interest were normalized to ␤-actin and hypoxanthine-ribosyl transferase-averaged relative expression, with ⌬Ct values averaged for each gene after normalization. Fold change values for target genes between hypoxia and normoxia groups were calculated using ⌬⌬C t analysis to determine expression fold difference. Genes with greater than twofold difference between normoxia and hypoxia groups are reported as differentially up-or downregulated in response to hypoxia treatment. Significance of differential expression was assessed via Student's t-test of the replicate 2 Ϫ⌬Ct values for each gene, with P values Ͻ0.05 considered significant.
DIGE. DIGE 2D-PAGE was a modified version of CyDye labeling protocols provided by the manufacturer (GE Healthcare). Briefly, 2 ϫ 10 5 cells/condition were lysed [4 M urea, 1 M thiourea, 2 mM MgCl2, 40 mM Tris, pH 8.0, 1% Triton X-100 plus protease inhibitor cocktail (Sigma) and phosphatase inhibitors (1 mM Na 3VO4, 5 mM NaF)] and then treated with benzonase nuclease (Sigma) for 20 min on ice. Samples (50 g protein) were acetone precipitated, resolubilized in CyDye-labeling buffer, and labeled according to the manufacturer's protocol (GE LifeSciences). Samples were adsorbed to 24-cm IPG strips and separated by isoelectric focusing on an Ettan IPGphor II system (GE) to 60,000 total volt-hours. Proteins on IPG strips were reduced, alkylated, and then separated by SDS-PAGE (24-cm 12.5% gels) on an HPE-FlatTop Tower horizontal electrophoresis system (Gel, San Francisco, CA) according to the manufacturer's protocol.
Images of gels were acquired using a Typhoon Trio ϩ Imager (GE LifeSciences). SameSpots v.4.3 2D analysis software (Nonlinear Dynamics, Durham, NC) was used for differential protein expression analysis of normalized protein spot (peak) densitometric volumes. Spot numbers and spot-picking lists of targeted spots, having values of P Ͻ 0.05 after Bonferoni correction and differential expression levels exceeding Ϯ1.5-fold expression vs. normoxia values, were generated by the SameSpots software. Thirty-nine protein spots met this criteria, were picked from the gel (Ettan Spot Picker; GE Lifesciences), destained, washed, and dried via vacuum centrifuge. Digestion of protein was performed via incubation with trypsin overnight, followed by dehydration and then reconstitution with 10 l of 2% acetonitrile/ 0.2% formic acid.
Samples were analyzed via liquid chromatography-electrospray ionization tandem mass spectrometry (LC-MS/MS) on a linear ion trap mass spectrometer (LTQ; Thermo Finnigan) coupled to an LC Packings nano LC system. A 75-m C 18 LC column (Microtech Scientific) was used with a 60-min gradient from 2% acetonitrile/0.2% formic acid to 60% acetonitrile/0.2% formic acid. Data dependent analysis was performed on all ions above an ion count of 1,000. MS/MS data were searched against the NCBI human database using Thermo Finnigan Bioworks 3.3.1 SP1 software. Variable modifications of methionine oxidation were considered. Protein identifications met minimum criteria of a protein probability of 1.0 ϫ 10 Ϫ3 or better and cross-correlation value vs. charge state Ͼ1.5, 2.0, and 2.5 for ϩ1, ϩ2, and ϩ3 ions, with at least four unique peptides matching the protein. Of 39 picked spots analyzed, data for only 21 identified proteins from 17 spots met these criteria.
RESULTS

MLE-15 and primary ATII cells maintain ATP homeostasis
during hypoxia and simulated hypoxia. Intracellular ATP content was measured following 20 h culture in hypoxia vs. normoxia to examine changes in energy homeostasis in MLE-15 (a standard ATII-like murine cell line) and mouse primary ATII cells. In addition to culture of cells in a controlled hypoxic environment, a separate set of MLE-15 cultures was exposed to DMOG, a PHI that promotes O 2 -independent stabilization of HIFs. Neither 20 h growth in hypoxia (1.5% O 2 ) nor exposure to DMOG resulted in significant decreases in cellular ATP content for MLE-15 cells vs. normoxia controls (Fig. 1) (Fig. 2A) . The maximal functional capacity of mitochondrial electron transport was assessed following basal measurements by exposing cells to an electron transport chain/ATP synthase uncoupling molecule, FCCP. The difference between basal and uncoupled OCR measurements indicates the spare respiratory capacity of the cell, or the ability to perform respiration above basal level. OCR measurements Fig. 2A) . Inhibition of oxidative ATP production by exposure of MLE-15 cells to oligomycin A induced a 50% decrease in OCR, demonstrating that MLE-15 O 2 consumption in normoxic conditions is coupled to ATP generation with about 50% of O 2 consumed through oxidative phosphorylation (Fig. 2B) .
Hypoxia suppresses oxidative metabolism in ATII cells. After 20 h exposure to hypoxia or DMOG, basal OCR for MLE-15 cells was reduced to 55 and 70%, respectively, whereas that for primary ATII cells was reduced to ϳ50% of rates measured in corresponding normoxic control cultures ( Fig. 2A) . Whereas hypoxia-and DMOG-exposed MLE-15 cells did maintain significant spare respiratory capacity, uncoupled (maximal) respiration rates for both conditions were ϳ50% and 40% lower, respectively, than those of normoxic cultures. In fact, maximal OCR for hypoxia or DMOG-treated cells only reached the basal OCR of normoxic MLE-15 cells, indicating that both hypoxia and PHI reduce the capacity of MLE-15 to perform respiration. A similar reduction of 50% in maximal OCR was observed for primary ATII cells cultured in hypoxia compared with normoxic controls. Maximal OCR as percentage of basal respiration did not differ between normoxic, hypoxic, and DMOG exposures, being ϳ175% (MLE cells) or 150% (primary ATII cells) of the respective basal OCR values. This demonstrates that basal and maximal OCR are suppressed to a similar degree under the treatment conditions. The proportion of total O 2 consumption dedicated to ATP production also did not differ significantly from normoxic MLE-15, as indicated by the similar effect of oligomycin A for all conditions (Fig. 2B) .
Hypoxic exposure does not enhance glycolytic function in ATII cells. Basal PPR, an indicator of lactic acid generation associated with glycolytic activity, did not differ significantly from normoxic control for either hypoxic or DMOG-treated MLE-15 cultures (Fig. 3) tory increase in glycolysis to maintain production. Normoxia, hypoxia, and DMOG treatments all demonstrated a similar glycolytic response to FCCP (Fig. 3) , indicating similar glycolytic capacities between conditions and cell types. Maximal PPR values for primary ATII were similar to those measured in MLE-15, although this represented only 130% of their basal PPR compared with ϳ200% in MLE-15. The primary cell PPR response to FCCP did not differ significantly from normoxic controls, indicating that ability to perform glycolysis was maintained (Fig. 3) . To confirm these extracellular flux observations, lactate was measured directly in culture media of MLE-15 cells exposed to normoxia and hypoxia. As expected, these measurements showed that generation of extracellular lactate was not increased by hypoxic exposure (Fig. 4A ) nor did hypoxia increase intracellular lactate concentrations (Fig. 4B ) in exposed cells.
The ratio of protons produced to O 2 consumed generally provides a relative measure of reliance on glycolytic vs. oxidative pathways for ATP generation. The normoxic PPR/OCR values for MLE-15 and primary ATII are the same (2.1 Ϯ 0.29 and 1.9 Ϯ 0.04, respectively) (Fig. 5) . Hypoxia (and DMOG in MLE-15) increased this ratio, seeming to demonstrate a more glycolytic phenotype; however, because PPR values did not change in response to hypoxia (Fig. 3) , this shift is likely a consequence of reduced O 2 consumption (i.e., lower OCR) rather than an increased glycolytic rate. Taken together, these metabolic results indicate that hypoxia exposure of ATII cells reduces the rate of ATP production by oxidative phosphorylation (Figs. 2 and 5) without a concomitant increase in glycolytic rate (Figs. 3 and 4) . Therefore, the maintenance of a relatively stable intracellular ATP concentration during hypoxia ( Fig. 1) is likely the result of a parallel reduction in ATP turnover/usage.
Hypoxia induces changes in ATII mRNA expression of metabolic enzymes.
A glucose metabolism-focused qPCR array was used to measure changes in gene expression associated with hypoxia exposure in MLE-15 cells. Detailed results from all genes included in the array are listed in Table 1 ; as indicated, results were replicated and verified for selected genes by additional qPCR with different primers (data not shown). Expression of genes related to glycolysis were collectively upregulated in response to hypoxia, including those associated directly with glycolytic ATP production (phosphoglycerate kinase) and major regulatory steps of glycolytic control (phosphofructokinase). Hypoxia triggered transcriptional upregulation of enzymes responsible for phosphorylation (hexokinase) and isomerization (phosphoglucomutase) of glucose for use in glycolysis or glycogenesis, as well as upregulation of gene transcripts related to glycogenesis, suggesting the potential for hypoxia to stimulate intracellular generation and storage of glycogen. Transcription of pyruvate dehydrogenase kinase (Pdk1), which inhibits activity of pyruvate dehydrogenase via phosphorylation [thereby limiting entry of pyruvate into tricarboxylic acid (TCA) cycle oxidative metabolism], was increased in response to hypoxia, whereas no significant changes in expression were observed for TCA cycle enzymes or those involved in other processes assessed [Supplemental Table S1 (Supplemental data for this article may be found on the American Journal of Physiology: Lung Cellular and Molecular Physiology website.)]
Hypoxia alters the ATII cell proteome, including expression and/or modification of metabolic enzymes, transport proteins, and structural proteins. To complement mRNA array analyses, differential protein expression for ATII cells exposed to hypoxia vs. normoxia was examined using quantitative DIGE of CyDye-labeled proteins. Identifications and fold expression changes of LC/MS-identified protein spots between normoxia and hypoxia are listed in Table 2 . Consistent with qPCR gene array data, hypoxia alters expression and/or posttranslational modifications (yet unidentified) of several key enzymes of the glycolysis/gluconeogenesis pathway, including triose phos- (Fig. 6 ). An additional subset of MLE-15 were cultured in hypoxia and subsequently transferred to normoxia for a 24-h "recovery" period. These samples showed intermediate levels, suggesting that stored glycogen was subsequently mobilized during recovery. Taken together, the data suggest that MLE-15 cells store glycogen under hypoxic conditions or when exposed to PHI, and subsequently metabolize the stored polysaccharide following reentry into normoxic conditions.
DISCUSSION
This study used a multifaceted approach to comprehensively examine previously undefined shifts in ATII cell metabolism in response to ambient vs. low O 2 , combining metabolic assays, proteomics, and genomic approaches to identify specific metabolic enzymes and pathways that are altered as a function of changing O 2 availability. We found that primary and model ATII cells are highly oxidative under normoxic conditions and (3) . Maximal uncoupled respiratory capacity for MLE cells is ϳ175% over basal metabolism, also within a range of that previously reported for endothelial cells (just over 200% basal) and lower than the 300% over basal reported for cardiomyocytes (3, 35) . Primary ATII cells consume O 2 and produce extracellular protons at basal rates approximately two times that of MLE cultures and maintain lower spare respiratory capacity (ϳ150% of basal). However, the relative reliance on oxidative vs. glycolytic metabolism (as reflected by the ratio of basal proton production to O 2 consumption) is identical between cell type, indicating similar metabolic strategy for serving cell energy demand. Lower spare capacities suggest that primary ATII were operating closer to their maximal capacity in terms of both oxidative and glycolytic function at the time of measurement. The transformed nature of the MLE-15 cell line, as well as the fact that MLE-15 stocks had been maintained in culture for many passages while primary ATII were used within days of the isolation and purification procedures, may account for these differences. Nonetheless, the striking similarity of the PPR-to-OCR ratio indicates that MLE-15 faithfully model basal metabolic function for primary ATII.
A 20-h hypoxic treatment resulted in a similar degree of suppression of basal OCR in both MLE and primary ATII. The degree of OCR decrease in hypoxia observed here (40 -50%) concurs with those previously recorded via respirometry for primary ATII isolated from rat lung and subjected to 2% O 2 for 24 h (12), although these previous values were obtained using a different method to measure in vitro O 2 consumption. However, we did not observe a parallel increase in hypoxic glycolytic rate, as measured by real-time PPR or lactate generation, strongly suggesting that the maintenance of relatively stable ATP concentrations in hypoxia during the time course of these experiments is the result of reduced ATP usage/turnover. This maintenance of ATP homeostasis supports previous findings that alveolar epithelial cells maintain intracellular ATP concentrations near normoxic levels at 20 h exposure to 1.5% O 2 (25) . Similarly, the observation that PHI does not alter steady-state ATP in MLE-15 cells supports previous findings in cardiomyocytes exposed to similar concentrations of DMOG (35) . ATP homeostasis in hypoxia has been explained in many cases as resulting from inhibition of energy-consuming processes. In ATII cells, activity of the Na ϩ -K ϩ -ATPase in maintenance of fluid homeostasis may account for as much as 20% of cellular ATP demand, with prior work demonstrating suppression of this process in hypoxia (10, 27) . Hypoxic ATII cells undergo endocytosis and degradation of this plasma membrane-associated Na ϩ -K ϩ -ATPase, resulting in a large decrease in the necessity of the cell to produce ATP to maintain bioenergetic homeostasis. Reducing demand for ATP by downregulating this and other energy-requiring processes leads to decreased O 2 consumption, since the need to perform oxidative phosphorylation is reduced.
However, results reported here support the conclusion that mitochondrial respiration is also directly suppressed through molecular alteration of the oxidative and glycolytic pathways. If reduced ATP demand was the only factor leading to reduced mitochondrial respiration in hypoxia, uncoupling of respiration would be expected to restore OCR in hypoxic cells to the level of uncoupled normoxic OCR. Rather, we find that hypoxic uncoupled OCR levels are ϳ50% lower than normoxic uncoupled OCR, indicating that ATII cells experience direct suppression of mitochondrial functional capacity in hypoxia. Direct suppression of cell mitochondrial function may occur through different mechanisms, including altered expression of or damage to mitochondrial enzymes, substrate limitation for TCA cycle reactions and electron transport, and altered mitochondrial dynamics through biogenesis and/or mitophagy. Differentially expressed and/or modified metabolic enzymes identified in qPCR array and 2D DIGE were predominantly related to glycolysis and not directly to mitochondrial function. However, hypoxia did upregulate expression of PDK1 mRNA in cultures over threefold. PDKs inactivate pyruvate dehydrogenase via phosphorylation, leading to reduced oxidation of pyruvate in TCA reactions. Thus, enhanced PDK1 could contribute to suppression of mitochondrial OCR by restricting substrate availability for TCA cycle generation of reducing equivalents. No downregulation of expression of TCA cycle enzymes involved in oxidative metabolism was found, suggesting that suppressed mitochondrial function observed in flux analyses was not an effect of altered transcription of these mitochondrial enzymes.
Our findings in MLE-15 differ from the dramatic effects of HIF stabilization in cardiomyocytes, in which exposure to DMOG resulted in complete loss of spare respiratory capacity (35) , an effect the authors termed "clamping" of mitochondrial DIGE indicated that four enzymes involved in early steps of glycolysis are upregulated by exposure of MLEs to hypoxia. This is supported by the qPCR array analysis, which demonstrated collective upregulation of these (and other) glycolysis enzymes. Together, DIGE and qPCR data indicate that a response coordinated at the transcriptional and translational levels leads to enhanced glycolytic function under hypoxic conditions. In contrast, neither hypoxia nor PHI exposure resulted in an anticipated increase in extracellular proton flux. The relationship of these observations to glycolytic output was confirmed by direct measurements of lactate concentration in MLE-15 culture media, which showed no difference in the rate of extracellular lactate generation or intracellular lactate concentrations between normoxic and hypoxic cells. As with suppression of OCR in hypoxia, this may be explained in part by lowered ATP demand, allowing the reduced mitochondrial and glycolytic activity to still meet cellular needs without resulting in a dramatic rise in ADP, a major glycolytic stimulator. Changes in pathway gene expression would likely still occur, since many of these are primarily triggered through HIF activation by lowered O 2 availability per se; however, decreased cellular demand for ATP could prevent enhanced glycolysis and associated lactate buildup despite enhanced glycolytic pathway gene expression. Alternative fates of lactate could also help to explain the apparent lack of enhanced glycolytic output. Fox et al. found that oxidation of labeled lactate in ATII cells isolated from fetal rat lungs occurred at a rate ϳ20 times higher than rates measured for glucose (5) , indicating that ATII cells may have considerable capacity to remove lactate intracellularly and could potentially metabolize lactate generated by other alveolar cells (i.e., ATI cells and/or fibroblasts) vs. extracellular extrusion. Other landmark studies using isolated perfused lung have demonstrated that lactate can serve as substrate for mitochondrial metabolism (4) and can be incorporated into lung lipids (29) , supporting further intermediary metabolism of lactate by lung cells.
Results of qPCR assays indicated that, during hypoxia, genes coding for proteins involved in glycogenesis were upregulated, with HIF␣ stabilization through hypoxia or PHI leading to intracellular glycogen accumulation. Glycogenesis and glycogen storage in premature ATII cells is a critical step in preparing the developing fetal lung for breathing atmospheric air after birth: in late stages of development, glycogen stored in ATII is enzymatically degraded to form the backbone of phospholipids that constitute the lipid component of surfactant (31) . In muscle cells, glycogen production is stimulated by hypoxia (26) , whereas, in the developing lung, both glycogen storage and utilization have been associated with HIF2 signaling (16) . Thus glycogenesis in model ATII cells during O 2 limitation appears to recapitulate the physiology of premature ATII in the developing lung. Proteomic and transcriptomic data presented here show hypoxia-induced changes in expression and/or modification of enzymes involved in lipid synthesis and in intracellular trafficking/secretion, both of which could suppress surfactant secretion and impair the pulmonary surfactant system downstream of successful glycogen accumulation. The extent to which any of these processes control surfactant production and secretion by mature ATII in hypoxia remains to be defined.
That exposure to the prolyl-hydroxylase inhibitor DMOG elicited responses similar to those induced by hypoxia suggests HIF involvement. HIFs are expressed ubiquitously in mammalian tissues, and multiple HIF isoforms drive expression of different, although overlapping, sets of target genes. HIF control of many glycolytic enzymes has been attributed to the HIF1 isoform, whereas targets thought to be HIF2-specific include many involved in fatty acid storage, glycogen production, and inhibition of reactive O 2 species generation. Mutual targets include genes involved in mitochondrial carbon oxidation (e.g., PDK1) and cytoskeleton structure. HIF1␣ is the most widely expressed of the tightly regulated ␣-subunits, whereas HIF2␣ expression varies significantly among cell types; in the mature lung, HIF1␣ is expressed ubiquitously in tissues exposed to hypoxia, whereas HIF2␣ expression is restricted specifically to the ATII cells and vascular endothelium (39) . Work in the lung has shown that HIF1␣ can drive hypoxia-induced apoptosis in ATII cells (11, 18) , whereas other studies have shown that HIF2␣ plays a critical role in regulating production of pulmonary surfactant (1), as well as roles in alveolar development (16) and promoting antiapoptosis pathways (38) . Considerable cross-regulation between isoforms has been suggested; for example, HIF2␣ expression is abrogated in lung-targeted HIF1␣ knockouts, and HIF2␣ activation may be dependent on initial HIF1␣ signaling (15, 32) .
In addition to HIFs as central components of the ATII cell response to hypoxia, our previous studies have clearly shown that hemoglobin is expressed by ATII cells and dramatically upregulated by HIF and globin-associated factors during hypoxia (7, 24) . Also, globins and their regulatory factors appear to be involved in a large number of coordinated changes that occur in these cells in response to varying O 2 concentrations (7). Hopefully, future studies will fully elucidate the potential roles of hemoglobin in maintaining O 2 homeostasis in ATII cells, including protection against oxidative (or nitrosative) stress and possible involvement in the coordinated adaptation to hypoxia.
In summary, these findings support and extend previous observations that ATII cells resist hypoxic damage through metabolic adaptation. This work represents the first study to extensively assess ATII oxidative and glycolytic metabolic function in response to O 2 limitation, and the first effort to match sensitive, functional-level measurements of metabolism with pathway changes at the transcriptional and proteomic levels. There is ever-growing interest in the role of O 2 limitation in lung development and disease, and obtaining a thorough understanding of the metabolic reprogramming that accompanies alveolar hypoxia is a critical step toward explaining and treating their dysfunctional behavior.
